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\Ve describe a new form of mechanical pul- 
monary ventilation, low-frequency positive pres- 
sure ventilation with extracorporeal CO, remov- 
al (LFPPV-ECCOIR). In  a series of animal 
studies the rate  of mechanical ventilation was 
0.66, 1, 2, and 4 min-1 at a tidal volume of 3, 
10, and 15 ml kg-I. We were able to maintain 
normal blood gases and normal lung volumes 
and lung mechanics even a t  the lowest ventila- 
INCE the introduction of intermittent S positive pressure breathing (IPPB) in 
respiratory treatment some twenty years 
ago, many forms of mechanical ventilation 
( MV) have been described: continuous 
positive pressure breathing ( CPPB) ,l high- 
frequency positive pressure ventilation 
i LFPPV) ,2 and intermittent mandatory 
ventilation (IMV) .s 
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tor ra te  with tidal volumes of 10 or 15 ml kg-1. 
Each experiment lasted 7 hours. Our data  sug- 
gest a possible new dimension in  the  manage- 
ment of a difficult patient on mechanical pul- 
monary ventilation. 
Key Words-VENTILATION, extracorporeal 
CO,  removal and. 
Mechanical ventilation is frequently a 
life-saving procedure. But depending on the 
underlying pulmonary disease, 35%,4 50%,6 
or 95x6 of patients treated with MV ulti- 
mately die, either of the underlying disease 
process or of complications of pulmonary 
therapy with MV. There is a question as to 
whether MV offers the proper environment 
for the healing of the lungs, and whether 
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it may contribute to the ultimate demise of 
the patient, since both pulmonary7.8 and 
systemics, l o  complications have been attrib- 
uted to positive pressure breathing. 
The ultimate goal of MV is not merely to 
prolong life, but to provide an optimum en- 
vironment for healing of the lungs. Unfor- 
tunately, it is not easy to show what consti- 
tutes an optimum environment. In pneu- 
monia involving a single lobe, consolidation 
of the involved lobe with no ventilation is 
considered the optimal milieu for lung heal- 
ing. It is not known what constitutes the 
optimum milieu for lung healing when the 
lungs are diffusely diseased. 
Recently, IMV has been used not only 
in weaning of the patient from a ventilator, 
but also in treatment of acute respiratory 
failure.ll I t  has been suggested that mechan- 
ical ventilation at a rate of 1 to 2lmin 
coupled with spontaneous breathing results 
in less barotrauma12 and has less effect on 
cJrculatory hemodynamics.l3 This low rate 
of mechanical ventilation is not possible 
when CO, elimination by spontaneous res- 
piration is impaired. Whether IMV at  this 
low rate provides a better environment for 
lung healing remains unproven. 
It has been recently shown that spontane- 
ous ventilation for C02 removal can be sub- 
stantially decreased or can stop completely 
if part or all of the metabolic C D 2  produced 
is removed by an artificial lung.l4 This sug- 
gests the possibility of controlling all forms 
of MV at will and still maintaining adequate 
alveolar ventilation. In this report we de- 
scribe a new form of mechanical ventilation, 
low-frequency positive pressure ventilation 
with extracorporeal CO, removal (LFPPV- 
ECC02R). The total respiratory rate in 
these experiments was as low as 1 breath 
every 90 seconds. In studies in healthy para- 
lyzed animaIs, LFPPV-ECCO?R maintains 
normal lung volumes, normal lung mechan- 
ics, and normal blood gases. 
MATERIALS AND METHODS 
Five tracheostomized lambs weighing be- 
tween 12 and 16 kg were anesthetized with 
pentobarbital, paralyzed with d-tubocura- 
rine, and mechanically ventilated with a 
Harvard ventilator. The ventilator was modi- 
fied to give a constant inspiratory-expiratory 
time ratio of 1:1.5. A small Teflon@ cath- 
eter (ID 1 mm) was placed through the 
tracheostomy tube, advanced to the level of 
the carina, and then connected to a source 
of 0%. Intratracheal pressures were recorded 
by a Statham pressure transducer. Total 
ventilation was continuously monitored with 
a recording bell spirometer. Positive end- 
expiratory pressure (PEEP),  when used, 
was obtained by placing an appropriate 
weight on the top of the bell. Mixed expired 
gases, partial pressures were measured by a 
Medical Mass Spectrometer. * Pulmonary 
gas was aspirated at  the end of each study 
period (ie, every 30 minutes) a t  a constant 
rate of 8 ml - sec-l for 20 seconds, and 
the composition of the gas as it emerged 
from the tracheal inlet was measured by a 
Medical Mass Spectrometer. The sampled 
gases were assumed to be “alveolar” when 
the Pco, plateau equaled arterial Pco, 
( r- 1.5 torr) . The functional residual capa- 
city (FRC) was measured by the helium 
dilution technic and expressed at BTPS. 
The total static compliance was computed 
from the tracheal pressure reading after 100 
ml of air were injected. Both FRC and 
total lung compliance were measured at at- 
mospheric pressure. LycraE polyurethane 
catheters (ID 3.5 mm) were placed in the 
subclavian artery and in the external jugu- 
lar vein, and blood was pumped from the 
artery through an extracorporeal carbon di- 
oxide membrane lung (CDML), surface 
area 1.6 m?, and into the vein. The CDML 
was designed for optimum C02 removal.’j 
The extracorporeal circuit was primed 
with heparinized lactated Ringer’s solution 
(8 unitslml) . Extracorporeal blood flow 
ranged between 500 and 800 ml min-l. Con- 
tinuous heparinization was maintained at 
loop kg-1 h r l .  Oxygen saturation of arte- 
rial hemoglobin was monitored by an on- 
line oximeter.l‘s The membrane lung was 
ventilated with humidified room air (37 C) 
at a flow between 3500 and 4000 ml min-I. 
The gas compartment of the CDML was 
kept at 200 to 250 mm Hg below the atmos- 
pheric pressure. Total CO, removed by the 
CDML was computed from the gas flow 
and the CO, concentration of effluent gas, 
measured by an infrared CO, analyzer, f and 
expressed at STPD. 
The experimental setup is shown in fig 1. 
Arterial blood samples were obtained before 
and after the CDML, and the mixed venous 
blood samples were obtained through a 5 
French Swan-Ganz catheter positioned in 
*Medical Mass Spectrometer-MM-8, Scientific Re- 
search Instrument Corporation, Baltimore, Mary- 
land 
?Beckman. Model 315A 
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the pulmonary artery. Blood Po,, Pco,, 
and pH were immediately measured by a 
Radiometer Blood Gas Analyzer.'" Oxygen 
saturation of hemoglobin was measured by 
an A.O. Oximeterf calibrated for sheep 
blood. Total hemoglobin was measured by 
Drabkin's method. Using standard formulas, 
from these data we computed 0, consump- 
tion Vo,), CO, production ( Vco,) , venous 
admixture fraction (QVA/QT),  and cardiac 
output I CO). 
EXPERIMENTAL PROCEDURE 
The lambs initially were mechanically 
ventilated with room air for 30 minutes a t  
10 ml kg-I tidal volume and a t  a respiratory 
rate of 16 min-I. The expiration was passive 
to the atmosphere ( baseline conditions 1 .  
There was no extracorporeal CO, removal 
at  this time (zero gas flow through the 
CDML). At the end of 30 minutes, a com- 
plete set of measurements was taken. 
The animals were then started on apneic 
oxygenation, and CO, was removed by the 
extracorporeal CDML for a period of 30 
minutes in the following manner: The me- 
chanical ventilator was stopped and 100% 
0, was supplied to the natural lung through 
a Teflon" catheter to maintain the lungs 
inflated a t  5 cm H,O pressure. We then 
began CO, removal by starting the gas flow 
to the CDML. At the end of 30 minutes a 
new set of measurements was taken. 
Following this, the animals were ventilated 
at  5 cm H,O PEEP with room air a t  0.66, 
1, 2, or 4 breaths min-1. Measurements 
were taken a t  tidal volumes tTV) of 3, 10, 
or 15 ml kg-1 a t  these 4 frequencies after 30 
-~ 
.'Mod. I'HM 27, Copenhagen. Denmark 
';A. 0. Oximeter, Model 10800. Buffalo. New York 
minutes. During all 12 LFPPV periods, the 
CO, was continuously removed by  the 
CDML and 100% 0.' was continuously sup- 
plied a t  190 ml min-' through the Teflone 
cannula. The complete study lasted 7 hours. 
At the end of the experiments the animals 
were electively sacrificed. 
RESULTS 
The CO, transfer of the CDML has been 
previously described, and was consistent 
with our previous findings.15 The amount of 
CO, removed was always sufficient to clear 
the CO, production, even during periods of 
apnea ( table 1). The 0, consumption dur- 
ing the control periods in this series of lambs 
averaged 5.09 ml kg-1 2 0.59. We did not 
observe any significant changes in acid-base 
balance. Table 2 shows the effects of 
LFPPV-ECC0,R on alveolar gases, arterial 
and mixed venous blood gases, arterial and 
mixed venous pH, and arterial and mixed 
venous blood 0, content difference. The low- 
frequency positive pressure ventilation ap- 
pears to be meaningful from the ventilatory 
point of view only at TV-15. The Paco, a t  
TV-15 is significantly lower than a t  TV-3 
and a t  TV-10, and decreases with increas- 
ing respiratory frequency (fig 2 ) .  However, 
even though without respiratory meaning, 
different TV ventilation appears to affect 
lunq mechanics and the shunt fraction 
( table 3 ) .  -The FRC was a function of the 
TV and was independent of respiratory fre- 
quency fig 3). Total static compliance cor- 
related with the FRC ( r  = 0.96, p<0.001; 
not shown). 
DISCUSSION 
These studies were performed a t  a RR 
heretofore not possible, and yet we were 
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able to maintain normal blood gases at RR 
less than l/min. The extracorporeal CO, 
removal is the key element; all metabolically 
produced CO, can be removed by the 
CDML at a relatively low extracorporeal 
blood flow of 500 to 1000 ml min-l.l: The 
technical complexity of extracorporeal CO, 
removal lies between hemodialysis ( except 
that it must be used continuously) and ex- 
tracorporeal blood gas exchange as used dur- 
ing cardiopulmonary bypass. No doubt 
LFPPV-ECC0,R can be performed equally 
well with venovenous or venoarterial pump- 
ing. 
A second key point is the continuous sup- 
ply of 100% 0, delivered directly into the 
trachea in an amount at  least equal to the 
0, consumption. During LFPPV-ECCO,R, 
the minute ventilation is greatly reduced 
and results in “alveolar hypoventilation.” 
However, this is a unique form of hypoven- 
tilation characterized by a normal PAco,. 
In classical terms hypoventilation implies 
hypercapnea, but in the LFPPV-ECC0,R 
the PAco, is kept normal as the required 
amount of CO, is removed by the CDML. 
However, rather than raising FIO, to pre- 
vent alveolar hypoxia, we continuously ad- 
ministered 100% 0, at 190 ml min-l direct- 
ly into the trachea at  a rate substantially 
in excess of To,. This insured that the O2 
consumed was continuously replaced, mole- 
cule for molecule, and alveolar PAo, re- 
mained unchanged; any excess of 0, sup- 
plied was vented out through the endotra- 
cheal tube into the spirometer. It is im- 
portant that 100% O,, rather than air, be 
fed directly into the trachea; as 0, is con- 
sumed, 100% 0, must be replaced, rather 
than air which contains mostly nitrogen. By 
supplying all the 0, consumed (and remov- 
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ing all CO, produced), it becomes possible 
to maintain prolonged apnea. We have 
shown this during our control studies, as 
well as in our earlier study,‘; where apnea 
was maintained for 24 hours with normal 
blood gases and full recovery. 
We found a consistent respiratory effect 
for CO, removal through the natural lungs 
only at  TV-15 ventilation, which increased 
with the respiratory rate. 
While the Paco, was steady during the 
LFPPV-ECCO,R, our results showed a 
great variability of PAo, among the study 
periods. I t  has been established that during 
normal breathing with room air, the compo- 
sition of alveolar gas becomes mainly a 
function of alveolar ventilation. During ap- 
nea. the gas composition in the natural lungs 
n-as totally controlled by the CDML; we 
previously showed that this control is 
through PN:, in the CDML iie, the PN, in 
the CDML is equal to the PaN, and 
PAN,  1 . I T  TV-3  ventilation appears to be 
mainly a “dead-space’’ ventilation; in 3 out 
of 5 sheep the expired Pco, was zero. The 
relatively high PAo, found a t  TV-3 (mean, 
2S0 torr) reflects nitrogen washout by the 
excess 0, entering the trachea through the 
Teflon catheter, with only dead-space ven- 
t ila tion. 
However, during the TV-10 and TV-15 
lentilation, the lower PAo, is due to the 
supply of some nitrogen when ventilating 
with room air. 
We would like to point out the paradoxi- 
cal finding of higher Pco, and lower pH in 
arterial blood compared to pulmonary arte- 
rial blood. This is due to the acidification 
of blood by oxygenation of hemoglobin. The 
CO, content of the pulmonary arterial blood 
virtually equals the arterial CO, content, 
since little or no CO, is removed by the 
natural lungs. At constant total CO, in the 
blood, lowering pH by hemoglobin oxygena- 
tion results in raising Pco,. 
While low-frequency positive pressure 
breathing alone has little or no respiratory 
meaning, the mechanical inflation of the 
lungs has great effect on the lung volumes 
and compliances. This effect is not related 
to the frequency, but to tidal volume (fig 3 ) .  
During apnea FRC fell to about 80% of 
control values, and during the subsequent 
TV-3 ventilation it was approximately 60% 
of control. With TV-10 and TV-15 ventila- 
tion, a t  all RR, lung volume and compli- 
ance returned to control values. 
The mechanism responsible for the change 
in FRC, ie, alveolar collapse, is not clear. 
The effects of anesthesia and paralysis on 
FRCIh and on diaphragmatic mechanics19 
have been well documented in man. Prelim- 
inary studies in our laboratory immediately 
after anesthesia and paralysis followed by 
apneic oxygenation in a plethysmograph 
showed a sudden small change in FRC, fol- 
lowed by a steady continuous decrease with 
time. A fall in FRC did not occur with 
LFPPV-ECC0,R a t  TV-10 and TV-15. In- 
termittent sighing during IPPB in man also 
is known to prevent a decrease in FRC.2” 
A rise in FRC resulted in a decrease in 
venous admixture, but no linear relationship 
could be demonstrated. 
We have not explored the long-term effects 
of LFPPV-ECC02R. However, preliminary 
experiments of LFPPV-ECC0,R for 24 
hours confirm our present results. 
The main function of mechanical inflation 
of the lungs in this study was to maintain 
lung volumes rather than to provide for 
C 0 2  and 0, exchange; this was successful 
in TV-10 and TV-15 ventilation, but not 
successful a t  TV-3 ventilation. The RR of 1 
breath every 90 seconds was the lowest set- 
ting of the ventilator; however, it might be 
possible to lower the RR to once every 2 
or 5 minutes and still maintain the basal 
FRC. This is suggested from our earlier 
studies when the FRC returned to normal 
after 5 minutes of manual ventilation fol- 
lowing 24 hours of apnea.“ These findings 
could become useful in the understanding 
and management of patients on MV. 
As described here, LFPPV-ECC02R was 
used for controlled ventilation in paralyzed 
animals. No doubt the CDML can also be 
used in conjunction with IMV to permit 
low-frequency positive pressure ventilation 
in spontaneously breathing patients, includ- 
ing those in whom IMV at a low frequency 
may be desirable but not now possible be- 
cause of inability of spontaneous respiration 
to adequately remove CO?. 
REFERENCES 
1. Ashbaugh DG, Petty TL, Bigelow DB, et al: 
Continuous positive pressure breathing (CPI’B) in 
adult respiratory distress syndrome. J ‘Thorac Car- 
diovasc Surg 57:31-41, 1969 
2. Jonzon A, Oberg PA, Sedin G, et al: High 
frequency positive pressure ventilation by endotra- 
rhea1 insufflation. Acta Anaesth Scand ISuppll 43: 
5-43, 1971 
3. Kirby R. Robinson E, Schultz J, et al: Con- 
tinuous flow ventilation as an alternative to assisted 
Anesth Analg- 
57.170-477. 19,x Gattinoni,  Kolobow, Tomlinson, et a1 477 
or controlled ventilation in infants. Anesth Analg 
51:871-875, 1972 
4. Zwillich CW, Pierson DJ, Creagh CE, et  al: 
Complications of assisted ventilation. A prospective 
study of 354 consecutive episodes. Am J Med 57: 
161-170, 1974 
5. Personal communication. Dr. Lynn Blake, 
Chief of Special Programs and Resources Branch, 
NHLBI, 1977 
6. Personal communication. Dr. Lynn Blake, 
1977 
7. Kumar A. Pontoppidan H, Falke KJ,  et al: 
Pulmonary barotrauma during mechanical ventila- 
tion. Crit Care Med 1:181-186, 1973 
8. Baeza OR, Wagner RB. Lowery RD, et al: 
Pulmonaiy hyperinflation: a form of bat-otrauma 
during mechanical ventilation. J Thorac Cardiovasc 
Surg 80: 790-803, 1975 
9. Qvist J, Pontoppidan H, Wilson Rs, et  al: 
Hemodynamic responses to mechanical ventilation 
with PEEP: the effect of hypervolemia. Anesthesi- 
ology 4245-55, 1975 
10. Hall SV, Johnson EE, Hedley-White J :  Re- 
nal hemodynamics and function with continuous 
positive pressure ventilation in dogs. Anesthesiology 
41:452-461, 1974 
11. Downs JB, Perkins HM, Model1 J H :  Inter- 
mittent mandatory ventilation: an evaluation. Arch 
Surg 109: 519-523, 1974 
12. Kirby RR, Downs JR, Civetta JM, et al: 
High level positive end expiratory pressure I PEEP) 
in acute respiratory insufficiency. Chest t i i :  15Ci-163. 
1975 
13. Downs J H ,  Douglas ME, Sanfelippo I’M. et  
al: Ventilatory pattern. interpleural pressure. and 
cardiac out.put. Anesth Analg 56: 88-96. 1977 
14. Kolowbow T, Gattinoni L, Tomlinson T A .  et 
al: Control of breathing using an extracorporeal 
membrane lung. Anesthesiology 46: 138-141. 1977 
15. Kolobow T. Gattinoni L. Tomlinson TA. e t  
al: The carbon dioxide membrane lung (CIIMI,): 
a new concept. Trans Am SOC Artif Intern Organs 
22: 17-21, 1977 
16. Vurek GG, Kolobow T, Pegram SE. et al: 
Oxygen saturation monitor for extracorporeal cir- 
culation applications. Med Ins t rum 77:262-267, 1873 
17. Kolobow T, Gattinoni L, Tomlinson TA.  et 
al: An alternative to breathing. J ‘I’horac Cardiovasc 
Surg 75:261-266. 1978 
18. Westbrook PR. Stubbs SE. Sessler AD. et 
al: Efffec4s of anesthesia and muscle paralysis on 
iespiratorv mechanics in normal man. J Appl 
I’hysiol 34: 81-81;, 1973 
It?. E’roese AB, Bryan AC: Effects of anesthesia 
and paralysis on diaphragmatic mechanics in man. 
Anesthesiology 41: 949-955, 1974 
20. Bendixen HH. Hedley-White T. Laver hfI3: 
Impaired oxygenation in surgical patients during 
general anesthesia with rontrolled ventilation: a 
concept of atelectasis. N Engl J Ned 26 
1963 
PULMONARY FUNCTION AFTER TRANSFUSION 
Ventilatory volumes, blood gases, and other aspects of pulmonary function were 
measured before and after intraoperative transfusion in 16 patients who had undergone 
operation under general anesthesia. One group of 8 patients was transfused with an 
average of 1275 ml of stored blood passed through a standard nylon-mesh filter (SF 
group). Another group of 8 patients was transfused with an average of 1375 ml of 
stored blood passed through a dacron-wool filter (DWF group). 
Since respiration was depressed slightly by preanesthetic sedation, a lowered expired 
minute ventilation (V,) and tidal volume (VT) and elevated Pacoz and respiratory 
dead-space ratio (V,/VT) were observed in both the SF and DWF groups before anes- 
thesia and transfusion. After recovery from anesthesia, V I ~ V T  remained high and FECO~ 
decreased in the SF group. In contrast, V J V T  decreased almost to normal and FECO~ 
remained normal in the DWF group. Physiological shunt (Qs/Qt) tended to decrease 
after anesthesia and transfusion in both groups. The ventilation-perfusion ratio increased 
markedly for the SF group after transfusion. The data suggest that pulmonary micro- 
embolism occurs after transfusion of stored blood with a standard nylon-mesh filter. 
(Takaori M, Nakajo N ,  Zshii T:  Changes of pulmonury function following transfusion 
of stored blood. Trattslusion 17:615-620, 1977) 
